Hypoxia and hypoxia inducible factor-1· (HIF-1·) play a critical role in glioblastoma (GBM) which is characterized by highly aggressive and widespread cell invasion into adjacent normal brain tissue. The purpose of this study was to investigate the effect of the novel aminothiazole compound SNS-032 in glioblastoma cell invasion under hypoxic condition. SNS-032 is a potent and selective inhibitor of cyclin-dependent kinases 2, 7 and 9 and inhibits both cell cycle and transcription. We analyzed the effect of SNS-032 (0.5 μM) on HIF-1· expression and its major trans-regulating factors including COX-2, VEGF, MMP-2 and uPAR that are involved in cellular invasion in tumor hypoxia. Our observations demonstrate SNS-032: i) inhibited hypoxia-induced U87MG cell invasion and among all the other inhibitors tested, SNS-032 is the most effective, ii) blocked HIF-1· mediated transcription of COX-2, MMP-2, VEGF and uPAR expression in U87MG cells in response to hypoxia, iii) blocked HIF-1· expression by a proteasome independent pathway. The effects were similar to those observed with HIF-1· siRNA which prevented cellular invasion by blocking HIF-1· expression and its downstream effectors. Taken together, our data suggest that SNS-032 prevents hypoxia-mediated U87MG cell invasion by blocking the expression of HIF-1· and its trans-regulating factors. Our results present an opportunity in controlling highly invasive tumors such as glioblastoma using this novel class of compounds.
Introduction
Despite aggressive treatment strategy and technological development, glioblastoma multiforme (GBM) has remained difficult to treat. The overall response to the current standard of care for the treatment of GBM has been essentially poor. One of the main reasons that the GBM is practically incurable is the diffuse nature of the disease infiltrating into the surrounding normal brain tissues (1) (2) (3) (4) (5) (6) (7) . As a result of this complex character complete eradication of the malignant tumor either by surgery or radiotherapy is impossible. Significant progress has been made to uncover mechanisms of this type of aggressive invasion of glioma cells that will help to find new treatment strategies that are urgently needed.
GBM characteristically contain extensive areas of hypoxia (low oxygen tension), which is a powerful stimulus for the expression of genes involved in aggressive proliferation, invasion, and angiogenesis (1) . The transcription factor hypoxia-inducible factor-1 (HIF-1) is one of the master regulators which regulate more than 100 genes (8) allowing cells not only to adapt to hypoxic microenviroment but also induces transcription of its target genes which play an imperative role in invasion and angiogenesis. The · subunit of HIF-1 is stable in hypoxic conditions but is rapidly degraded in normoxia by an oxygen dependent ubiquitination-proteasome pathway. Hypoxic activation of the HIF-1 pathway is a common feature of gliomas and may explain the intense vascular hyperplasia and aggressive invasion often seen in GBM. Hypoxic activation of HIF-1· results in the activation of COX-2 (9,10), VEGF (8) , VEGFR (11) , MMPs (12, 13) , uPA and uPAR (14) responsible for increased glioma cell invasion and angiogenesis.
Invasion of glioma cell involves the attachment of invading tumor cells to extracellular matrix (ECM), disruption of ECM components, and subsequent cell penetration into adjacent brain structures. This is accomplished in part by matrix metalloproteases (MMPs) that degrade the ECM (15, 16) .
Up-regulation of MMP-2, a member of the MMP family, has been found in glioma cell lines and in high-grade glioma specimens (17) . The enzyme serine proteases especially urokinase-type plasminogen activator (uPA) and its receptor uPAR are also often expressed at high levels in malignant brain tumors (18) . A large body of evidence suggests that uPA plays a key role in tumor progression and invasion by virtue of its ability to activate plasminogen, which degrades many ECM components and activates latent collagenases (14) . Hypoxia upregulated HIF-1· binds directly to the COX-2 promoter, thereby increasing COX-2 transcription and protein synthesis. COX-2 and PGE 2 contribute to invasiveness and angiogenesis of tumors through activation of several matrix metalloproteinases (MMPs) (19, 20) and growth factors and their receptors (21, 22) . VEGF known to be transcriptionally upregulated by HIF-1·, plays a key role in tumor growth, angiogenesis and invasion (23, 24) . VEGF upregulates the expression of the chemokine receptor CXCR4 which mediates migration and invasion of tumor cells by stromalderived factor-1 and this migration is dependent on the autocrine loop of VEGF (25) .
Cyclin-dependent kinases (CDKs) play a critical role in cancer progression (26, 27) . Several CDK inhibitors such as flavopiridol, UCN-01, CYC202, and SNS-032 (formerly known as BMS-387032) are undergoing clinical evaluation (28) . The major purpose of this study is to investigate the role of a novel CDK inhibitor in the prevention of glioblastoma cell invasion. Newer generation of CDK antagonists such as SNS-032 are more selective and less toxic (27) . However, it is not known whether this improved selectivity retains the anti-invasive or anti-angiogenic property shown by this class of inhibitors. Therefore, it is essential to obtain a clear understanding of whether selective inhibition of a small cohort of CDKs impacts tumor invasiveness and angiogenesis. In our recent report, we demonstrated that SNS-032 strongly prevents glioblastoma cell-induced angiogenesis by inhibiting VEGF expression (23) .
In this study we have demonstrated that HIF-1· is a key component in glioma cell invasion. We show that SNS-032, a selective inhibitor of CDK 2, 7 and 9, blocked HIF-1· and its transcriptional products COX-2, MMP-2, VEGF, uPAR leading to a marked inhibition of hypoxia-mediated glioma cell invasion. Our findings thus suggest SNS-032 is a potential therapeutic agent in preventing the invasion of glioma cells.
Materials and methods
Materials. Cyclin-dependent kinase inhibitor SNS-032 was obtained from Sunesis (Sunesis Pharmaceuticals, Inc., South San Francisco, CA). A 10-mM stock solution was prepared in distilled water and stored at -20˚C. Penicillin-streptomycin, Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), L-glutamine and Lipofectamine 2000 were purchased from Invitrogen (Grand Island, NY, USA). BD Biocoat Matrigel Invasion Chamber was purchased from BD Biosciences Discovery Labware (Bedford, MA). Following antibodies were used in this study; COX-2 monoclonal antibody (Cayman Chemical, Ann Arbor, MI, USA), mouse anti-HIF-1· (BD Transduction Laboratories, San Jose, CA), actin antibodies (Sigma-Aldrich Co., St. Louis, MO, USA). The 26S Proteasome inhibitor MG132 (Biomol, Plymouth Meeting, PA, USA) was dissolved in dimethyl sulfoxide and stock solution (5 mM) was stored at -20˚C. MMP inhibitor GM6001 was purchased from Chemicon International (Temecula, CA) and VEGFR inhibitor SU5416 was purchased from Calbiochem.
Cell culture. The human glioblastoma cell line U87MG was purchased from the American Type Culture Collection (HTB-14, Manassas, VA). Cells were cultured in 5% CO 2 and 95% humidified atmosphere air at 37˚C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS, 1% penicillin and streptomycin, 2 mM glutamine and 25 mM HEPES. U87MG cells were split every 3 days to ensure logarithmic growth. For hypoxic exposure, cells were placed in a sealed Modular Incubator Chamber (Billups-Rothenberg, Inc., Del Mar, CA) flushed with a gas mixture containing 1% O 2 , 5% CO 2 and 94% N 2 .
In vitro invasion assay. Invasion of cells through Matrigel was determined using 24-well BD invasion chambers (8.0-μm pore size with polyethylene tetraphthalate membrane). Invasion chambers were re-hydrated with serum-free DMEM (500 μl/ well) for 2 h. After trypsinization, U87MG cells were suspended in serum-free DMEM (500 μl) at a concentration of 5x10 4 cells/well and immediately placed onto the upper compartment of the plates. Subsequently, the lower compartment was filled with complete medium (750 μl). Cells were allowed to adhere for 2 h in normoxic (20% O 2 ) conditions. After complete attachment, the invasion chambers were incubated for 24 and 48 h in normoxic (20% O 2 ) or hypoxic (1% O 2 ) conditions at 37˚C with or without SNS-032 (0.5 μM). Following incubation, inserts were fixed in absolute methanol for 2 min at room temperature and stained with 1% toluidine blue in 1% borax for 3 min. The cells on the upper surface of the insert were removed using a cotton-tipped swab. Images of randomly selected fields (minimum of 10 fields) were taken using a Nikon camera connected to an inverted microscope (final magnification x100, Olympus). Each assay was performed in duplicate and repeated three times. The data collected from independent experiments were pooled for statistical analysis.
Western blot analysis. Glioblastoma (U87MG) cells (2x10 6 )
were pre-incubated with 0.5 μM SNS-032 for 2 h and exposed to 20% O 2 or 1% O 2 for 24 and 48 h. After incubation cells were removed quickly from the hypoxic chamber, harvested and lysed using ice-cold RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0) supplemented with protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Forty μg of total protein was subjected to 7.5% SDS-PAGE and transferred to PVDF membranes (Bio-Rad, Bedford, MA). The membranes were blocked for 1 h with 5% non-fat dry milk in TBS-T (10 mM Tris-HCl, pH 7.6, and 150 mM NaCl, 0.1% Tween-20) and incubated with primary antibodies in 5% milk at 4˚C overnight. The membranes were washed with TBS-T and incubated for 2 h at room temperature with HRP-conjugated secondary antibodies. The same membrane was re-probed with anti-ß-actin antibodies (at 1:2000 dilution) and provided as loading control. Membranes were developed by the enhanced chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, NJ) and exposed to Hyperfilm (Amersham Pharmacia Biotech).
Real-time RT-PCR. Quantitative RT-PCR was carried out with SYBR Green PCR master mix using the SYBR Green 1 dye (Applied Biosystems, Foster City, CA). After required treatment and indicated time of incubation, cells were washed in PBS and total RNA were isolated using TRIzol (Invitrogen, Carlsbad, CA). RNA was subsequently reverse transcribed to cDNA with the SuperScript First-strand Synthesis System followed by quantitative RT-PCR. Primer (Invitrogen) concentrations (0.4 μM) were optimized before use. Sequence of all primers used in this study mentioned in Table I . SYBR Green PCR master kit was used with the appropriate concentrations of forward and reverse primers in a total volume of 20 μl. PCR reactions contained 1 μl cDNA. Optimization was performed for each gene-specific primer confirming 0.4 μM primer concentrations did not produce non-specific primer-dimer amplification in no-template control wells. Quantitative RT-PCR was carried (PTC-200, MJ Research, Ramsey, MN) with the three-stage program parameters as follows: 2 min at 50˚C, 10 min at 95˚C, and then 40 cycles of 15 sec at 95˚C and 1 min at 60˚C. Specificity of the produced amplification product was confirmed by examination of dissociation reaction plots. A distinct single peak indicated that a single DNA sequence was amplified during RT-PCR. Each sample was tested in triplicate with quantitative RT-PCR, and samples obtained from three independent experiments were used for analysis of relative gene expression. The sequence of the primers used for realtime PCR is shown in Table I . ß-actin was used as the internal control for each experiment. siRNA transfection. In a 60-mm culture dish, U87MG cells were transiently transfected with human HIF-1· siRNA and a negative control siRNA using Lipofectamine 2000. Cells were rinsed with PBS after 8 h of transfection, complete medium was added and further incubated for 40 h. Cells were then exposed to hypoxia or normoxia with fresh medium. After the indicated time of incubation in hypoxic environment, cells were harvested and analyzed for the expression of both protein and mRNA for HIF-1·, COX-2, VEGF, MMP-2 and uPAR. For the invasion study siRNA transfected cells were trypsinized after 48 h of transfection and subjected to Matrigel invasion assay under hypoxia or normoxia. Sequence of HIF-1· siRNA (5'→3'): Sense, GGGUAAAGAACAAAACA CAtt; anti-sense, UGUGUUUUGUUCUUUACCCtt purchased from Ambion, Inc, Austin, TX (Silencer ® Validated siRNA ID#: 42840). Silencer ® Negative Control siRNA was also purchased from Ambion, Inc. and sequence is (5'→3'): sense, AGUACUGCUUACGAUACGGtt; anti-sense, CCGUAUCG UAAGCAGUACUtt.
Statistical analysis. All experiments were performed in triplicates. Results are expressed as means ± standard deviation (SD). Statistical significance was determined by a Student's t-test with two tails and equal variances using Microsoft Excel and expressed as p<0.05.
Results

SNS-032 inhibits hypoxia-mediated U87MG cell invasion.
Glioblastomas have extensive area of hypoxia that plays a crucial role in invasiveness of these tumors (29) . We have investigated the effect of SNS-032 on U87MG cell invasion in response to hypoxia. An invasion assay using BD Biocoat Matrigel invasion chamber was performed ( Fig. 1 ). After incubation for 24 and 48 h in hypoxia or normoxia, the number of cells that penetrated through the Matrigel coated membrane was quantitated. Representative images are shown in Fig. 1A and the pooled results from three independent experiments are plotted in Fig. 1B . Invasiveness of U87MG cells incubated Table I . PCR primers used for real-time-PCR.
in hypoxia was increased more than 8-fold at 24 h and 5.6-fold at 48 h when compared to invasion under normoxia. Prior exposure of SNS-032 at 0.5 μM for 2 h completely prevented the hypoxia-mediated invasion of U87MG cells at both timepoints (Fig. 1) . This result showed that SNS-032 is highly effective in preventing hypoxia-induced invasion of U87MG cells.
SNS-032 inhibits hypoxia-mediated HIF-1· expression.
Hypoxia-induced HIF-1· protein is considered as a master transcription factor regulating multiple genes involved in tumor invasion and angiogenesis (8) . In an attempt to verify the effect of SNS-032 on HIF-1· expression in this cell line under hypoxic condition, cells were treated with SNS-032 (0.5 μM) or vehicle for 2 h and then exposed to hypoxia for 24 and 48 h. As expected, hypoxia increased HIF-1· expression ( Fig. 2A, lanes 2 and 5) whereas no induction was noted in normoxia ( Fig. 2A, lanes 1 and 4) . Prior incubation of cells with SNS-032, abolished hypoxia-induced HIF-1· expression ( Fig. 2A, lanes 3 and 6) . This result clearly indicates that SNS-032 inhibits hypoxia-induced HIF-1· expression in this glioma cell line.
In hypoxia, HIF-1· levels are significantly increased due to decreased proteasomal degradation resulting from the inactivation of HIF prolyl-hydroxylase under oxygen deprived conditions (4). To further investigate the effect of SNS-032 on HIF-1· expression, U87MG cells were treated with a 26S proteasome inhibitor MG132 in normoxic conditions. Immunoblot analysis of HIF-1· demonstrated a significant level was detected after 18 h in normoxia (Fig. 2B, lane 2) . We observed a similar level of HIF-1· expression when cells were treated with MG-132 prior to the addition of SNS-032 (Fig. 2B, lane 4) indicating that SNS-032 was not associated with the ubiquitin-proteasome pathway of HIF-1· degradation. In this condition, HIF-1· expression was unchanged up to 18 h when SNS-032 was added to the cell culture medium 6 h after the addition of MG132 (Fig. 2B, lane 4) . In contrast, we did not observe HIF-1· expression in normoxia when the cells were preincubated with SNS-032 followed by the addition of MG132 (Fig. 2B, lanes 1 and 3) further indicating that it inhibited gene transcription. This observation was consistent with the result obtained from the following experiment using actinomycin D (ActD), a chemical blocker of gene transcription (Fig. 2B, lanes 5 and 6) .
Next, we analyzed whether SNS-032 acts similarly on hypoxic accumulation of HIF-1·. Cells were pretreated with SNS-032 for 6 h and exposed to hypoxia for another 18 h, and oppositely SNS-032 was added 6 h after exposure to hypoxia and the cells were maintained in hypoxia for a further 18 h. These results show that a substantial induction HIF-1· expression is observed in response to hypoxia (Fig. 2C, lane 2) , but is completely inhibited when cells were pretreated with SNS-032 (Fig. 2C, lane 3) . However, treatment of cells with SNS-032 after 6 h of hypoxia did not inhibit hypoxic induction of HIF-1· (Fig. 2C, lane 4) .
SNS-032 inhibits hypoxia-mediated COX-2, MMP-2, uPAR and VEGF gene expression.
As mentioned earlier HIF-1· induces transcription of key regulatory proteins such as COX-2, VEGF, MMP-2 and uPAR that are involved in aggressive invasion often seen in GBM (14, 19, 24, 30, 31) . The presence of HIF-1· binding site(s) with consensus core sequence (ACGTGC) in the promoter region of these hypoxia-induced genes is shown in Fig. 3A and were searched by using the software MATCH 11.2 (biobase-international) (32) . We observed a robust inhibition of U87MG glioma cell invasion in response to hypoxia (Fig. 1) . To investigate whether SNS-032 can prevent the expressions of these proteins, we examined their mRNA expression by real-time RT-PCR using the primers as listed in Table I . U87MG cells were pretreated with SNS-032 for 2 h and then exposed to hypoxia for 24, 48 and 72 h. Hypoxia led to the upregulation of mRNA levels of COX-2, VEGF, MMP-2 and uPAR. In the case of COX-2, a marked increase of mRNA was noted at 48 h and was almost completely inhibited by SNS-032 ( Fig. 3B) . We also performed an immunoblot analysis of COX-2 expression and ELISA for COX-2 activity at these time-points (data not shown) and our results are consistent with the RT-PCR analysis. A similar pattern was observed with MMP-2 (Fig. 3C ). We noted a significant induction of VEGF mRNA at 24 h after induction of hypoxia that gradually decreased with time. SNS-032 was effective in preventing the transcription of VEGF at all time-points (Fig. 3D ). uPAR induction was increased over time and was highest after 72 h (Fig. 3E) under hypoxia. Again, complete inhibition of induction was achieved in the presence of SNS-032. These results suggest that SNS-032 is preventing the transcription of important proteins that are necessary for glioma cell invasion in hypoxia.
HIF-1· siRNA blocks hypoxia-induced U87MG cell invasion and abrogates COX-2, VEGF, MMP-2 and uPAR expression.
To verify the role of HIF-1· in the induction of these key proteins and glioma cell invasion, we transfected U87MG cells with HIF-1· siRNA and performed: i) invasion assay, ii) mRNA analysis of VEGF, MMP-2 and uPAR by real-time PCR. Data presented in Fig. 4 show that the protein expression of HIF-1· is abrogated by the transfection of HIF-1· siRNA at 0.1 μM concentration, whereas levels of HIF-1· protein remained unchanged when cells were transfected with same concentration (0.1 μM) of negative control siRNA (Fig. 4A,  top panel) . Same membrane was then probed for COX-2 Figure 4 . HIF-1· siRNA prevents hypoxic induction of HIF-1·, COX-2, MMP-2, uPAR and VEGF expression in U87MG cells. A, HIF-1· and COX-2 expression by immunoblot analysis. U87MG cells were transfected with control siRNA or HIF-1· siRNA (0.1 μM) as indicated. After 48 h of transfection, cells were exposed to either normoxic or hypoxic condition for further 48 h. Cells were harvested and subjected to immunoblot analysis for HIF-1· and COX-2. B and C, HIF-1· siRNA prevented hypoxic induction of U87MG cell invasion. U87MG cells were transfected with HIF-1· siRNA or a control siRNA as before and subjected to invasion assay under normoxic or hypoxic conditions for 48 h. B, Representative images of U87MG cell invasion; C, Total number of invaded cells per field (x100) was measured; bars, SD calculated from three independent experiments; ** p<0.001, significantly different from control siRNA-transfected hypoxic cells (bar 2 vs bar 4). D-F, mRNA analysis of VEGF, MMP-2 and uPAR in response to hypoxia in the HIF-1· or control siRNA transfected U87MG cells. Experimental conditions were similar as described in A. Bars, SD calculated from three independent experiments; ** p<0.001 compared with control siRNA transfected hypoxic cells (bar 2 vs bar 4). expression. We found marked inhibition of COX-2 expression in HIF-1· siRNA transfected cells under hypoxia (Fig. 4A,  middle panel) . On the other hand a steady induction of COX-2 expression was noted in the negative control siRNA transfected cells under hypoxic condition (Fig. 4A, middle panel) . In the next experiment, HIF-1· or control siRNA transfected cells were exposed to hypoxia or normoxia as indicated for 48 h and invasion assay was performed. Silencing of HIF-1· expression resulted in a striking inhibition of hypoxia-induced cellular invasion. Representative images are shown in Fig. 4B and the pooled results from three independent experiments are plotted in Fig. 4C . Under similar conditions, cells were harvested for total RNA isolation and subjected to real-time PCR analysis. We observed that cells transfected with HIF-1· siRNA showed modest (VEGF and MMP-2, Fig. 4D and E) or no induction (uPAR) under hypoxia (Fig. 4F) . These results clearly indicate that the HIF-1· substantially contributes to glioblastoma cell invasion specifically in a hypoxic environment. SNS-032 mediated inhibition of U87MG cell invasion was therefore, due to the blocking of HIF-1· and HIF-1· mediated induction of these key factors.
Effect of COX-2, VEGF and MMP-2 inhibitors in U87MG cell invasion. COX-2, VEGF and MMP-2 are overexpressed in many cancers and these genes are transcriptionally up-regulated by HIF-1· (9, 12, 33) . In this experiment we compared the efficacy of SNS-032 with known inhibitors of COX-2, VEGF and MMP-2 in preventing the U87MG cell invasion in response to hypoxia. We performed an invasion assay, in the presence of celecoxib (COX-2 inhibitor), SU 5416 (VEGF-RII inhibitor) and GM 6001 (MMP inhibitor) along with SNS-032. The results presented in Fig. 5 demonstrate that celecoxib, SU 5416 and GM 6001 significantly inhibited hypoxia-mediated invasion of U87MG cells ( Fig. 5A and B) . However, the most prominent effect was observed when SNS-032 was used and this action is attributable to the blocking of HIF-1·. We showed by an immunoblot analysis that none of these inhibitors are able to prevent the induction of HIF-1· under hypoxic condition except SNS-032 ( Fig. 5C ). Our results demonstrated that SNS-032 at 0.5 μM concentration is highly effective when compared with the other inhibitors that were used at a higher dosage (10 μM).
Discussion
Tumor cell invasion is a complex multi-step process associated with increased cell motility and lysis of the extracellular matrix (ECM). In this study we have investigated four critical proteins (COX-2, VEGF, MMP-2 and uPAR) that are actively involved in this process and regulated by HIF-1· under hypoxic condition. COX-2 levels are frequently elevated in high-grade gliomas. This expression has been associated with their aggressive growth characteristics and poor prognosis for patients (34, 35) . Selective inhibition of COX-2 by NS-398 (a selective COX-2 inhibitor) in human gliomas in two different in vitro models reduces growth activity (36, 37) . COX-2 is also elevated in response to hypoxia, it has been reported that HIF-1· interacts with the HIF responsive elements (HRE) in the COX-2 promoter, thereby inducing its expression (38) . Previously, we reported SNS-032 blocked cytokine meditated induction of COX-2 expression (39) . In this study we found SNS-032 is highly effective in preventing the hypoxia-induced COX-2 mRNA (Fig. 3B ) as well as protein expression (data not shown) in U87MG cells. We noticed that celecoxib, a selective inhibitor of COX-2, blocked the invasion of U87MG cells ( Fig. 5A and B) . Hypoxia-induced VEGF plays a critical role in the various stages of invasion and metastasis in human glioma cells (40) . Up-regulation of VEGF occurs via multiple hypoxia-inducible mechanisms including increased expression and stabilization of VEGF mRNA. The VEGF promoter contains multiple HRE (Fig. 3A) indicating that hypoxia-induced expression of VEGF is HIF-dependent (41) . There are several mechanisms describing the role of VEGF in glioma cell invasion under hypoxia. Zagzag et al, showed that VEGF up-regulated CXCR4 in a HIF-dependent manner and contributes to cell invasion and angiogenesis (25) . In addition, tumor cells can acquire these invasive properties by the production and secretion of several proteases. MMPs are the largest group of ECM-degrading enzymes contributing to the aggressive invasive features of many cancer types and hypoxia plays an important role in the upregulation of multiple MMPs including MMP-2. Up-regulated expression of MMP-2 was found in the invasive regions of primary human glioma specimens and in intracranial xenografts of U87MG glioma cells (42, 43) . SNS-032 was effective in preventing the hypoxia-induced MMP-2 up-regulation ( Fig. 3C ) and a panmetalloproteinase inhibitor GM 6001 (44) was used in this study that significantly blocked the hypoxia-induced invasion of U87MG cells ( Fig. 5A and B) . Up-regulation of uPAR in hypoxia enhances the proteolytic activity and inhibits the interactions between integrins and ECM at the invasive front of the tumor mass, thereby enabling cellular invasion through the basement membrane (45, 46) . Inhibition of uPAR expression by antisense oligonucleotides in glioblastoma cells results in prevention of tumor formation in nude mice (45) . A recent study using uPAR RNAi demonstrated the inhibition of invasion, cell migration and also regression of intracranial tumor in mouse model (47) . uPAR level was also reported to be induced by HIF-1· in hypoxic environment (48, 49) In this study, we showed that a HIF-1· binding element is present in the promoter of uPAR (Fig. 3A) and its activation in hypoxic condition is blocked by SNS-032 ( Fig. 3E) .
Small molecule Cdk inhibitors demonstrated change in wide range of gene expression. In general Cdk-inhibitors demonstrate transcriptional down-regulation largely due to the decrease in transcription factor expression. This is due to the inhibition of C-terminal Ser/Thr phosphorylation of RNA polymerase II. Interestingly, Lu et al reported that a cluster of gene expressions is induced in response to such small molecule Cdk inhibitors (50) .
In the last ten years significant progress has been achieved in exploring the role of HIF-1· in the field of cancer biology. Hypoxia was demonstrated to be present in almost any macroscopic solid tumor and to be associated with decreased response rates to anti-cancer agents used in clinical oncology. Presence of hypoxic cells was shown to be associated with tumor progression, enhanced metastatic potential, poor prognosis and therapy resistance (51) (52) (53) (54) . It was reported that hypoxic cells are three times more resistant to ionizing radiation compared to well-oxygenated cells (55) . Often these observed effects are linked to the up-regulation of this master transcription factor HIF-1· (8) . It is highly important to identify substances that can regulate the expression and activity of HIF-1· and have the potential to improve the efficiency of clinical treatment. Several compounds are now reported that can prevent HIF-1· and HIF-1·-mediated signaling in cancer cells. Two marine biological compounds demonstrated to inhibit HIF-1· and VEGF in breast tumor cells (56, 57) . Flavopiridol, a pan-cdk inhibitor and Noscapine also prevented HIF-1· expression in glioma cells (6) . The pilot screen program of National Cancer Institute identified several compounds that are structurally related to camptothecin and topoisomerase (Topo)-I inhibitors abrogated HIF-1· activity in U251 cells (58, 59) . In this study, we reported that the novel CDK 2, 7 and 9 inhibitor SNS-032 is highly effective in preventing hypoxia-induced HIF-1· and invasion of glioma cells. Taken together, SNS-032 might be an effective agent to increase the therapeutic benefit against this deadly disease.
